Peak bone mineral density (BMD), achieved typically by the end of the second decade, is an important determinant of osteoporosis risk later in life 1 . Many factors influence the early development of bone geometry and the accumulation of bone mass, including genetics, endocrine function, nutrition, body size, and mechanical forces 1,2 . Physical activity (PA) is a critical source of mechanical loading for the skeleton, but not all types of exercise exert osteogenic effects. Based on animal studies, dynamic, high magnitude, and odd impact loading exercises provide the maximal stimulus for bone formation 3,4 . These concepts are supported by human athlete studies documenting greater areal BMD (aBMD) measured by dual energy x-ray absorptiometry (DXA) in high impact (e.g., volleyball, hurdling, jump sports) and odd impact (e.g., soccer, racket sports) athletes compared to low impact (endurance running) athletes 5-7 .
loading. In contrast, another cross-sectional study of tibia bone characteristics found no interaction between sex, maturity level, and loading history 17 . The assessment of limb asymmetries by peripheral quantitative computed tomography (pQCT) is used to examine skeletal adaptations to sports participation; thus, it may be a useful model to shed light on sex differences in bone responses to loading. Ireland et al. 18 reported significant sex differences in the magnitude of bone asymmetries between the racket and non-racket arms in adolescent tennis players. Males tennis players had greater percent differences in bone traits between arms than females suggesting that males may be more responsive to loading. It is currently unclear if males and females develop similar skeletal asymmetries in response to lower body sports activities.
Soccer is an odd impact loading sport that has potential to induce positive skeletal adaptations resulting from the dynamic, multidirectional loads placed on the body [19] [20] [21] . Previous studies have reported greater total body, lumbar spine, and femoral neck (FN) aBMD [20] [21] [22] and hip bone strength indices 19 in soccer players compared to controls. Anliker et al. 23 reported lower limb skeletal asymmetries in young male soccer players (12-18 years) , which may be a result of performing side specific movements such as jumping, passing, and shooting. However, Fousekis et al., 24 reported the magnitude of lower limb muscular strength asymmetries decreased as players gained more years of experience when competing at the professional level, which may be the result of more skilled players being more ambidextrous.
Since no studies to date have compared sex differences in bone characteristics of competitive soccer players, we examined whether males and females have similar bone adaptations to loading associated with soccer participation. We also compared hip and leg asymmetries in male and female soccer players to gain insight into sex differences in loading adaptations. The primary purpose of this study was to compare sex differences in bone density, bone geometry, bone strength indices, and limb asymmetries in competitive collegiate soccer players. The bone characteristics of the soccer players also were compared to their sex, age, and body mass matched controls. It was hypothesized that male soccer players would have greater aBMD and vBMD compared to female soccer players, and these players would also have greater aBMD and vBMD compared their respective matched control groups. Additionally, we hypothesized that male soccer players would exhibit greater lower limb asymmetries than female soccer players.
Methods

Participants
In total, 104 participants were enrolled in the study; however, only 86 participants were used in the analysis. Twenty-three male and 20 female competitive soccer players were matched with sex, age (±2 yr), and body mass (±2.2 kg) controls. All female soccer players were currently competing at the National Collegiate Athletic Association (NCAA) Division I level while male soccer players were currently competing on NCAA Division II or club teams. Soccer player inclusion criteria were: 1. 18-30 years old; 2. practicing and/ or playing soccer at least four hours per week for a minimum of two months prior to the study; 3. be part of a competitive soccer program for at least five years, with no more than six months off. Exclusion criteria were: 1. if they had been diagnosed with a recent leg injury/stress fracture; 2. had a history of musculoskeletal diseases; 3. current smokers; 4. had lower body metal implants; 5. taking medications that affect BMD (e.g., corticosteroids, testosterone); and 6. had participated in competitive swimming, cycling, or rowing in the past ten years. Controls were included in the study if they: 1. matched a soccer player for sex, age (±2 yr), and weight (±2.2 kg); and 2. were not participating in regular exercise more than 3 times per week. The control exclusion criteria were the same as those for the soccer players. Additionally, females were excluded if they were pregnant or had amenorrhea, defined as having no menses for more than three consecutive months in the past year not due to contraceptive use. Enrolled participants were excluded for the following reasons: voluntary termination (n=8), controls that were too physically active (n=5), soccer players who reported too much time off from practice and/or competition (n=3), amenorrhea (n=1), and metal implants (n=1). Participants gave written informed consent prior to beginning the study. All procedures were approved by the Institutional Review Board at the University of Oklahoma Health Sciences Center.
Research design
This cross-sectional study required two visits. Participants completed the informed consent and multiple questionnaires at the first visit. During the second visit, participants underwent anthropometric measures (height, body mass, tibiae lengths), DXA scans (total body, lumbar spine, dual proximal femur) and pQCT scans (4%, 38%, 66% dual tibiae).
A power analysis using G*Power (version 3.1.9.2) was conducted to estimate sample size for soccer player versus control comparisons. Effect sizes for male soccer players ranged from 0.91 (spine) to 1.72 (femoral neck) 25 therefore, sample size ranged from 6-16 for 80% power for aBMD variables. Effect sizes for pQCT variables ranged from 0.35 for total vBMD to 1.42 for cortical vBMD 26 , requiring sample sizes between 5 and 53 for 80% power. Our sample size of 86 was adequate for 80% power for the primary bone variables.
Questionnaires
All participants completed the following questionnaires during the first visit: health status, training logs, bonespecific physical activity (BPAQ) 27 and calcium intake 28 . The BPAQ was administered to estimate past, current and total levels of physical activity. Also, females completed an in house menstrual history questionnaire to obtain information on menstrual cycle characteristics such as past and current hormonal contraceptive use, age at menarche, and symptoms of menstrual cycle disturbances.
Dual energy X-ray absorptiometry (DXA)
DXA (GE Lunar Prodigy, enCORE software, version 13.31.016, GE Healthcare, Madison, WI) was used to measure total body composition and aBMD. Measures of total fat mass (FM) (g), % body fat, bone free lean body mass (BFLBM) (g), and bone mineral content (BMC) (g) were obtained from the whole body scan. aBMD was measured using specific scans of the total body, lumbar spine (L1-L4), and dual proximal femur (total hip, femoral neck, trochanter). For the total body scan, participants were asked to lie in the supine position, centered within the scan field. The hands were placed on the sides of the legs in the prone position, while the legs were straight and strapped together. Participants remained centered and placed their legs on a foam block so the lumbar spine was completely flat for L1-L4 scans. Lastly, for both proximal femur scans the feet were strapped to an angled brace to create internal rotation of the femur. Hip Structural Analysis (HSA) uses the proximal femur scans to measure both the aBMD of the hip and the structural geometry of the cross-sections traversing the proximal femur allowing for the determination of the hip strength index, buckling ratio, cross-sectional moment of inertia (CSMI, mm 4 ), and section modulus (mm 3 ) 29 . Short term precision (RMS CV%) for FM, BFLBM, and % body fat are 2.74%, 1.39%, and 2.5%, respectively. In vivo precision is 0.6% for total body aBMD, 0.9% for L1-L4 aBMD, and 0.4-0.8% for the proximal femur sites. The same two qualified and trained technicians performed all quality assurance tests, scans and analysis for each DXA and pQCT measurement.
Peripheral quantitative computed tomography (pQCT)
A pQCT scanner (XCT 3000, Software v.6.00, Stratec Medizintechnik GmbH, Pforzheim, Germany) was used to measure tibiae vBMD and bone geometry characteristics. Tibia lengths were measured from the medial malleolus to the tibial plateau. Leg dominance was defined as the participant's self-reported preferred kicking leg. Participants were seated with their leg supported horizontally and centered in the gantry. Tibia scans were obtained at 4%, 38%, and 66% of tibia length proximal to the reference line. A voxel size of 0.4 mm was used for all sites at the scout view speed of 40 mm/sec and CT speed of 20 mm/sec. At the distal tibia (4%), contour mode 3 at 169 mg/cm 3 and peel mode 4 at 650 mg/ cm 3 with a 10% peel were used to determine total vBMD (mg/cm 3 ), total bone area (mm 2 ), trabecular vBMD (mg/cm 3 ), trabecular area (mm 2 ), periosteal circumference (mm) (Peri C), endosteal circumference (mm) (Endo C), and bone strength index (mg/mm 4 ) (BSI). For 38% and 66% tibia, cort mode 2 at 710 mg/cm 3 was used to define total vBMD (mg/cm 3 ), total bone area (mm 2 ), cortical density (mg/cm 3 ), cortical area (mm 2 ), cortical thickness (mm), Peri C (mm), while cort mode 2 at 480 mg/cm 3 was used to obtain torsional polar strength for strength-strain index (pSSI) (mm 3 ) and resistance to torsional deformation polar moment of inertia (Ipolar) (mm 4 ). Muscle cross-sectional area (mm 2 ) (MCSA) was also calculated for the 66% tibia site. The RMS CV% for the pQCT bone measurements ranged from 0.31-1.21% for all sites. All scans were visually rated as a two or below and the average pMovement was 45.3 mm 2 . Scans with pMovement values less than 50 mm 2 are considered to be scans with little to no movement as described by Blew et al. 30 .
Statistical analysis
All statistical procedures were performed using IBM SPSS (v24, Armonk, New York), and significance was set at p≤0.05. Data were tested for normality using the Kolmogorov-Smirnov test and reported as means ± standard deviation (SD) unless otherwise stated. Sex differences in dependent variables within soccer players were analyzed by two approaches. First, potential covariates were identified by: 1. comparing sex differences in body size and body composition, BPAQ scores, training characteristics, and calcium intakes using independent t-tests; and 2. using these variables as independent variables in univariate regression analysis to determine the significant predictors of bone outcomes. There were significant sex differences in height, body mass, body composition, calcium intake, and current BPAQ. In the univariate regression, height, body mass, BFLBM, and regional lean mass were significant predictors for the majority of bone variables. The primary sex difference analysis for bone variables was performed by ANCOVA adjusting for body mass and height. This was followed by stepwise regression analyses to determine the best predictors of bone variables using sex, BFLBM, FM, calcium intake, and current BPAQ scores as independent variables. Pearson correlation coefficients were used to determine relationships between training variables and bone strength qualities in soccer players. Relationships between muscle size (MCSA) and bone variables at the 66% tibia site for soccer players also were determined using Pearson correlation coefficients.
Sex differences in bone variable asymmetries within soccer players were analyzed by two-way repeated measures ANCOVA (sex × side) adjusted for body mass and height for proximal femur, HSA, and pQCT dependent variables. The second approach was to calculate a symmetry index variable for the pQCT variables using the following formula: 31 . Two-way ANCOVA (sex × group) was used to examine sex and group differences in SI adjusted for body mass and height. Stepwise regression analyses to determine the best predictors of SI variables using sex, BFLBM, FM, calcium intake, and current BPAQ scores as independent variables.
Independent t-tests were used to compare soccer players to their respective control group for physical characteristics, physical activity, calcium intake, body composition, and bone characteristics. Percent differences and the 95% confidence intervals (95% CI) for dominant tibia bone variables were calculated by subtracting the control group mean (referent mean) from the value for each soccer athlete. The magnitude of mean percent differences for each soccer group was assessed by one sample t-tests with a population mean of 0. When the 95% CI did not include 0 (control group mean), the between group percent difference was statistically significant. Independent t-tests were used for sex comparisons of the magnitude of the percent difference variables.
Results
Participants
Participant characteristics are shown in Table 1 . Twelve (60%) female soccer players and 13 (65%) female controls reported current use of hormonal contraceptives and all females were eumenorrheic. Within soccer players, significant sex differences were observed as males were taller, heavier, had lower fat mass, % body fat, and greater total, arm, and leg BFLBM than females (all p≤0.004). There were significant sex and group differences for calcium intake, which were higher in male versus female soccer players (p<0.001), and in female soccer players compared to their controls (p=0.004). Male soccer players had significantly greater current BPAQ scores (p=0.012) than female soccer players. Soccer training characteristics were similar for males and females, however, female soccer players reported weight lifting more months (p=0.028) in the previous year than male soccer players.
Age, height, and body mass were not significantly different between soccer players and their respective control groups (all p≥0.079). Female soccer players had significantly lower fat mass, % body fat, and greater total body, arm, and leg BFLBM compared to controls (all p≤0.004). Male soccer players had significantly lower % body fat, and greater leg BFLBM versus controls (all p≤0.043). Total, past, and current BPAQ scores were significantly greater (all p≤0.006) in female soccer players compared to controls, but only total and current BPAQ scores were significantly greater (both p≤0.023) in male soccer players versus controls. There were no significant differences in BPAQ scores between male and female controls. Table 2 shows the DXA bone variables. Body mass and height adjusted sex comparisons within soccer players showed that males had significantly greater (all p<0.05) aBMD than females at all sites except for lumbar spine and dominant femoral neck ( Table 2) . HSA variables (hip strength index, section modulus, buckling ratio, CSMI) were significantly greater in male versus female soccer players for both hips (all p≤0.001) ( Table 3) . Table 4 shows the significant regression models (all p≤0.002) for aBMD and HSA dependent variables using sex, BFLBM, FM, calcium intake, and current BPAQ as independent variables performed within soccer players. Sex was a significant predictor for lumbar spine aBMD (p=0.046) and buckling ratio (p=0.001). BFLBM was a significant predictor for all aBMD sites (all p≤0.0002), buckling ratio (p=0.049), section modulus (p≤0.0001) and CSMI (p≤ 0.0001). Current BPAQ was a significant predictor for section modulus (p=0.002) and hip strength index (p=0.004). Fat mass predicted total body aBMD (p=0.039) and hip strength index (p=0.0002).
Areal BMD
Both male and female soccer players had significantly greater aBMD at the total body (both p≤0.004), lumbar spine (both p≤0.037), and dual proximal femur sites (all p≤0.001) compared to their respective control groups ( Table 2) . The dominant (all p≤0.006) and non-dominant (all p≤0.05) hip strength index, section modulus, CSMI variables were significantly greater in female soccer players compared to female controls (Table 3) . Similarly, male soccer players had significantly greater (all p≤0.02) hip strength index, section modulus, and CSMI than controls for the dominant hip, and greater hip strength index (p=0.001) and section modulus (p=0.017) than controls for the non-dominant hip. Buckling ratio was not different from controls for either soccer group.
pQCT variables Table 5 shows the 4%, 38%, and 66% dominant tibia bone variables for male and female soccer players adjusted for height and body mass; unadjusted sex, group, and limb data are shown in Supplementary Table 1 . Male soccer players had significantly greater total and trabecular BMC and vBMD than female soccer players (all p≤0.003) for the 4% dominant and non-dominant tibia sites. Males also had larger total bone area and Peri C than females for both dominant (all p≤0.042) and non-dominant (all p≤0.020) 38% tibia sites, and greater total and cortical BMC (both p≤0.043) than females for the non-dominant 38% site. No sex differences in bone traits or MCSA were found at the 66% dominant tibia. Males had greater total BMC and cortical area (both p≤0.037) than females for the non-dominant 66% tibia site. Sex, group, and limb comparisons of bone strength variables (BSI, Ipolar, pSSI) for each site are depicted in Figure 1 . Male soccer players had greater bone strength indices at the 4% (total BSI, p≤0.0001, Figure 1 Panel A) and 38% (Ipolar and pSSI, p<0.038, Figure 1 Panels B, C) tibia sites than female soccer players. There were no sex differences in Ipolar, or pSSI at the 66% sites ( Figure 1 Panel D, E). In female soccer players, the average weekly time spent practicing and competing was positively correlated with 4% BSI, 38% Ipolar and pSSI, and 66% iPolar and pSSI in both limbs (r=0.482-0.619, p=0.031-0.004). However, in male soccer players, a significant negative correlation was found for average weekly time spent practicing and competing and the non-dominant 4% BSI (r=−0.419, p=0.047).
Stepwise regression analyses was performed for pQCT dependent variables using sex, BFLBM, FM, calcium intake, and current BPAQ as independent variables. Table 6 shows the significant regression models (all p≤0.014) for 4% total vBMD, 4% trabecular vBMD, 4% trabecular BSI, 38% cortical BSI, 66% cortical vBMD and MCSA that included sex as a significant predictor. In addition to sex, BFLBM was a significant predictor for 4% trabecular BSI, 38% cortical BSI, and MCSA (all p≤0.001). The following is a summary of the findings for regression models not shown. BFLBM was consistently a significant predictor for the dominant 4% tibia site (7/9 variables, β=0.752 to 0.951), in contrast to FM, which was included in the model for 2/9 variables (β=0.225 to 0.230) (model R 2 ranged from 0.525 to 0.719, all p≤0.001 for 9 dependent variables). For the dominant 38% tibia site, both BFLBM (10/12 variables, β=0.433 to 0.886) and FM (8/12 variables, β=0.235 to 0.366) were significant predictors of bone variables (model R 2 ranged from 0.361 to 0.781, all p≤0.004 for all 12 dependent variables). Similarly, both BFLBM (10/12 variables, β=0.408 to 0.864) and FM (9/12 variables, β=0.246 to 0.400) were included in regression models for most of the dominant 66% tibia site variables (model R 2 ranged from 0.167 to 0.726, all p≤0.007 for all 12 dependent variables). In all these regression models, BFLBM was entered first into the model, and had larger regression coefficients than FM. The regression coefficients were positive for both BFLBM and FM indicating their influence on the dependent variables was in the same direction. Current BPAQ was not a significant predictor for any tibia bone variable at any site, and calcium intake was a significant predictor only for 38% cortical vBMD (p=0.013, β=−0.375, R 2 =0.141). The regression models were similar for the non-dominant tibia sites.
Female soccer players had significantly greater values (all p<0.05) than controls for all 4% dominant and non-dominant tibia variables, except trabecular area ( Supplementary Table  1 ). For the 38% and 66% tibia sites, female soccer players had significantly greater total BMC, total area, cortical BMC, Peri C, cortical thickness (all p≤0.05) and bone strength (Ipolar, pSSI) (all p≤0.01), but lower cortical vBMD (both p≤0.01) than controls. Total vBMD was significantly greater (p=0.035) in female soccer players than controls for the 38% dominant tibia. MCSA was significantly greater in female soccer players for both legs (both p=0.001).
Male soccer players had significantly greater total BMC, total vBMD, trabecular vBMD, and BSI for the 4% dominant (all p<0.05) and non-dominant (all p≤0.008) tibia sites than controls ( Supplementary Table 1 ). Few group differences were found for the remaining pQCT variables; male soccer players had lower cortical vBMD (p=0.016) and greater cortical area (p=0.032) for the 38% non-dominant tibia, and greater total vBMD and cortical thickness (all p≤0.05) for the 66% site of both tibiae than controls. There were no significant group differences for MCSA in males. Figure 2 depicts the percent differences (±95% CI) in bone characteristics between soccer players and controls for the 4% (Panel A), 38% (Panel B), and 66% (Panel C) dominant tibia sites. There were significant sex differences in the magnitude of the percent difference variables. Generally, female soccer players exhibited greater percent differences (all p≤0.05) from controls for BMC, area, and bone strength variables at each tibia site than male soccer players. All bone variable percent differences for female soccer players vs. controls were significant (p≤0.05), with values ranging from 5% to 41% greater than the control group mean. Male soccer players had fewer significant percent differences from control means; total BMC for all sites (all p≤0.05), cortical thickness for the 38% and 66% sites (both p≤0.05), and bone strength (4%, 66%) were greater than controls, with percent differences ranging from 4.2% to 25.5%. Cortical vBMD (38%, 66%) was 1 to 1.5% lower (all p≤0.05) than the control mean for both male and female soccer players.
Limb asymmetries
Sex × side differences in proximal femur aBMD, HSA, and pQCT variables were determined within soccer players by two-way repeated measures ANCOVA adjusted for height and body mass. No significant sex × side interaction effects were observed for femur aBMD or HSA variables (Tables 2  and 3 , respectively). Similarly, there were no significant sex × side interactions for 4% and 38% tibia pQCT variables ( Supplementary Table 1 ). However, significant sex × side interactions were found for total vBMD (p=0.029) ( Figure  3 Panel A), cortical thickness (p=0.025) (Figure 3 thickness, and lower Endo C than the dominant leg.
Correlations between MCSA and tibia bone variables were performed within each limb and within sex for soccer players. In female soccer players, moderate positive correlations between MCSA and 66% tibia total area (r=0.68, p=0.001) and pSSI (r=0.641, p=0.002) were found for the dominant limb, whereas lower correlations between these variables (total area r=0.52, p=0.019; pSSI r=0.49, p=0.028) were found for the non-dominant tibia. However, male soccer players had high positive correlations between MCSA and total bone area and pSSI for the non-dominant tibia (r=0.809, p<0.001, r=0.803, p<0.001, respectively), and moderate positive correlations between theses variables (total area r=0.66, p=0.001, pSSI r=0.67, p=0.001) for the dominant tibia.
The height and body mass adjusted sex × group SI analyses showed no significant sex or sex × group interaction effects for any SI variables. Significant group effects were found for 38% total area SI (p=0.017) and pSSI SI (p=0.007), with soccer players having greater limb asymmetries favoring the non-dominant (support) leg for these variables (2.1% and 3.8%, respectively) than controls (Figure 4) .
Stepwise regression analyses within soccer players for SI variables using sex, BFLBM, FM, calcium intake, and current BPAQ as independent variables resulted in few significant predictors. Calcium intake was a significant predictor of 4% total vBMD SI (p=0.017, β=0.257, R 2 =0.066), and BFLBM significantly predicted 38% total area SI (p=0.029, β=0.235, R 2 =0.055) and 38% pSSI SI (p=0.015, β=0.260, R 2 =0.068).
Discussion
To our knowledge, this is the first study to directly compare skeletal characteristics of male and female soccer players relative to age and body mass matched controls. There are several novel aspects to this study that add to the literature. Although male soccer players had greater total body and hip aBMD, and larger bone size, strength, and vBMD for the tibia sites compared to female soccer players, these sex differences were diminished when the influence of BFLBM and FM was accounted for in regression analysis. We used limb asymmetry as a model for examining sex differences in bone adaptations to loading. There was no sex difference in the magnitude of the limb differences; however, male and female soccer players showed different asymmetry patterns for total vBMD, cortical thickness, and endosteal circumference at the 66% tibia site with female soccer players exhibiting greater bone adaptations in the dominant tibia, while male soccer players had greater adaptations in the non-dominant tibia. Another unique finding was that female soccer players showed greater percent differences (5% to 41%) in tibia bone characteristics relative to their controls than male soccer players. The SI analyses for the 38% tibia total bone area and strength favored the non-dominant (support) leg, confirming previous findings in other groups of athletes 23, 26, 31 .
Sex differences in bone characteristics are wellestablished, with men having larger, denser, stronger bones than women [32] [33] . There also are sex differences in bone microarchitecture as assessed by HR-pQCT. Men, 16-32 years, had greater tibia cross-sectional size, trabecular number and thickness, cortical porosity, and ultimate failure load than women in the same age range 34 . There are several factors that could account for the sex differences in bone characteristics. In males, bone geometry changes during growth are achieved by increasing periosteal dimensions and cortical thickness, whereas females increase cortical thickness through endosteal bone formation without periosteal expansion, thus decreasing endosteal circumference 8 . These bone growth patterns are partly explained by the effects of sex steroids during puberty as estrogens in females limit periosteal apposition and androgens and estrogens in males stimulate periosteal apposition and cortical bone growth 8 . Statistically correcting for body size factors (e.g., body mass, height, BFLBM) generally reduces the magnitude of the sex differences in femur aBMD 32 and tibia BMC 33 , however bone geometry differences between males and females remain. Our findings confirm that sex differences in soccer players persisted in aBMD and bone geometry variables after adjusting for body size. However, BFLBM was a stronger predictor than sex for most of the hip and tibia bone variables based on regression analysis. FM also was a significant predictor for many 38% and 66% tibia variables in the models. Regression coefficients for BFLBM and FM indicated both had positive effects on bone outcomes.
An interesting finding was the sex difference in the comparison of soccer players to their controls, as female soccer players had greater percent differences in pQCT variables than male soccer players. Generally, soccer participation characteristics were not different between males and females; however, female soccer players reported more months weight lifting than males. Another possible explanation for this finding is that female soccer players reported being more active than their controls in childhood and adolescence, while there was no difference in past BPAQ scores between the male groups. Since mechanical loading performed before and during puberty can have profound effects on skeletal density and geometry later in life 35 the higher loading levels of female soccer players may have amplified the differences from their controls.
As athletes perform sport related movements such as jumping, running, cutting, or striking a ball, uneven loading of the limbs may occur, resulting in skeletal asymmetries. Males and female soccer players showed different asymmetry patterns for 66% tibia bone density, cortical thickness, and endosteal circumference variables. In male soccer players, the greater bone adaptation to loading occurred in the nondominant support leg as indicated by greater total vBMD and cortical thickness in conjunction with endocortical constriction compared to the dominant leg. However, in female soccer players, this adaptation was found for the dominant kicking leg. Muscle size may be a contributing factor to these bone adaptations as female soccer players had greater MCSA in the dominant leg and stronger correlations between bone area and strength and MCSA for the dominant leg, while male soccer players had these findings for the non-dominant leg. Previously reported data in young tennis players suggested there may be a sex difference in bone sensitivity to loading, as males exhibited greater limb differences in dominant vs. non-dominant radii, ulnae, and humeri bone traits than females 18 . However, our SI analyses indicated there were no sex differences in magnitude of the asymmetries, and sex was not a significant predictor of SI variables, supporting male and female bones did not differ in sensitivity to loading. Our findings agree with Rantalainen et al. who reported that associations between loading history (BPAQ) and bone characteristics of the non-dominant tibia were not sexspecific 17 . The strongest evidence for sex differences in bone responses to loading comes from animal models, where male rodents exhibited greater improvements in BMC, bone area, and fracture load to mechanical stimuli than female rodents 15, 16 . Randomized control trials sufficiently powered for sex and training effects are needed to address this question in humans.
Generally, we found few sport-specific asymmetries for pQCT variables. However, similar to previous studies 23, 26 , soccer players exhibited greater symmetry indices for 38% total area and pSSI than controls, indicative of greater bone size and strength for the non-dominant (support) leg. Anliker et al. 23 reported a larger side difference in 38% pSSI (4.21%) than ours (2.1-3.8%), but they tested young male soccer players (12-18 years) who may have been a playing at a higher level than our male soccer players. They also tested the 14% tibia site, which showed the largest pSSI side difference (5.64%) favoring the non-dominant leg, suggesting that this site may be important to assess in future asymmetry studies.
As expected, both male and female soccer players had greater total body, lumbar spine, and hip aBMD, greater BFLBM, and lower fat mass compared to their respective controls, supporting previous reports of positive soccer participation effects in children 20, 36 , young adults 22, 25, 37 , and elderly 21 . Minett et al. 37 found that NCAA Division I female soccer players had greater pre-season total hip and femoral neck aBMD than controls after adjusting for height, lean and fat mass. Our male and female soccer players had DXA-derived hip bone strength variables (strength index, section modulus, CSMI) that were 17-25% greater than their controls, suggesting the odd impact loading from soccer is associated with greater resistance to bending and torsion forces. El Hage et al. 19 also reported that female soccer players had greater resistance to bending, torsion, and compressive forces as indicated by greater section modulus and lower buckling ratio than controls.
Our pQCT data corroborate previous studies documenting that participation in exercise or athletics results in favorable skeletal adaptations of the lower limbs compared to sedentary or non-athletic controls 7, 38, 39 . We found that female soccer players consistently had greater skeletal geometry measures (BMC, area, cortical thickness, Peri C) than controls at all tibiae sites, but male soccer players overall showed fewer significant pQCT variables versus controls. Similarly, female soccer players had greater bone strength indices than controls at most sites for both limbs, while male soccer players only had greater 4% BSI than controls. Cortical vBMD was significantly lower in female soccer players than controls for 38% and 66% dominant and nondominant tibia, but it was lower in male soccer players only for 38% non-dominant site. There are mixed findings for cortical vBMD in the literature as athletes have had lower 7, 40 , higher 26 and similar 5,37 values compared to controls. Cortical vBMD indicates the degree of calcification of the matrix and it is related to bone strength; however, Cointry et al. 41 reported that moment of inertia variables had stronger influences on bone strength indices than cortical vBMD, suggesting that the impact of mechanical loading protocols are driven to a greater extent by bone architecture rather than material properties. Another explanation for the discrepant findings is the location of the tibia site assessed (e.g., 20%, 50%, 66%) in those studies, since cortical vBMD differs along the axial length of the tibia 33 .
Our findings are contingent upon a number of limitations. First, female soccer players were recruited from NCAA Division I teams while male soccer players came primarily from Division II teams since there are no Division I male soccer teams in the region. This makes a direct comparison based on competition level not possible. Another consideration is that while soccer training characteristics were similar for males and females, they were not engaging in exactly the same training programs. We did not control for hormonal contraceptive use in female participants, but the prevalence of use was similar for female soccer players and controls. Lastly, these data are cross-sectional in nature, therefore, we are not able to make causal inferences on the effects of soccer participation on bone characteristics in young adults.
In conclusion, our findings do not support a sex difference in responsiveness to mechanical loading. As expected, we found sex differences in bone characteristics with male soccer players having larger, denser, and stronger bones than female soccer players. However, sex was a significant predictor for fewer bone outcomes (lumbar spine, 4% tibia variables), than BFLBM, which was the strongest predictor of hip and the majority of pQCT variables. This finding suggests body composition differences were more important than sex differences at these bone sites. Female soccer players had greater percent differences from controls for tibia bone characteristics than male soccer players, but there were no sex differences in limb asymmetries. Our findings overall support the beneficial effects of soccer participation on bone health in both males and females.
